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New We Are
Physics!! Here
(QCD, EM,
SM, etc.)

How do we know DM i1s there?

DISTRIBUTION OF DARK MATTER IN NGC 3198

Al

3¢ Rotation Curves of Galaxies

Var (km/s)
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Gravitational Lensing

2

s Cosmic Microwave Background




THREE PRIMARY PROPERTIES
OF DARK MATTER

Dark Matter Candidate should:

. - Explains why dark matter has survived to toda
1. Be Long Lived P : i L
= [mplies a new symmetry and/or charge

2. Be EW Charge - Explains why there 1s no visible evidence
Neutral = [mplies lightest stable particle 1s chargeless

3. Explain Observed

pp ~ 0.25 p.

Relic Density



Dark Matter How much do we
Annihilates see today?

One approach to DM theories:

Choose DM Mass e
Choose DM Interactions . ;

“WIMP Miracle”
» Mp ~ TeV

Assume Interactions

at/near EW Scale




How much do we

Dark Matter
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AN ASYMMETRIC ALTERNATIVE?

S.Nussinov (1985) S.M. Barr, R.S.Chivukula, E. Farhi (1990) R.S.Chivukula, T.P.Walker (1990) D.B.Kaplan (1992)

Observe a different relation:

PD ~ OPB
MDnD ~/ 5MBTLB
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S.Nussinov (1985) S.M. Barr, R.S.Chivukula, E. Farhi (1990) R.S.Chivukula, T.P.Walker (1990) D.B.Kaplan (1992)

Observe a different relation:
Asymmetr
PD ~ 5@ Y Y

MDTLD o 5MBnB

If DM density is thermal:  [SIIN ) {[Ye WaNelelle <3l

Natural if DM density is also tied to asymmetry

np ~np = MNp~5GeV
Mp > Mp e—f g e~ MbD/Tsph

Sphaleron Direct or Indirect
connection coupling to EW




WHY STRONG COUPLING?

Large DM
Mass

Strong
Coupling

Small
Thermal
Abundance

Large
Annihilation
Rate

M. Buckley, E. Neil (2012)

Strong

= Coupling

Studying strongly-coupled composite systems critical
to fully understand landscape of DM theories

.tNIS IS where the lattice can play significant role!



THREE PRIMARY PROPERTIES
OF DARK MATTER

Dark Matter Candidate should:

P [ived = [mplies a new symmetry and/or charge
. DC LONG Li1ve Example: Baryons - Baryon Number

Mesons - G-parity  Y.Bai, R.J.Hill (2010)

= [mplies lightest stable particle 1s chargeless
Example: Can form neutral baryons

2. Be EW Charge
Neutral

3. Explain NSl = Asymmetry require charge couplings

Example: Charged Constituents

relic density



ULTIMATE GOAL:

lo place a lower bound on nuclear cross-sections of

composite DM with

We Want:

% Bound general classes of composite DM from first principles

* Exp

charged constituents

<M moments for direct detection

ore Higgs exchange and |

Y Stuc

Final Goal:

y classes of models with minimal SM interaction strength

Polarizabilities



LONG TERM OBJECTIVE
ULTIMATE GOAL:

lo place a lower bound on nuclear cross-sections of
composite DM with charged constrtuents

We Want:

% Bound general classes of composite DM from first principles

% Study classes of models with minimal SM interaction strength

Final Goal:

Polarizabilities



OUR Focus: DIRECT DETECTION

A

2 Before asking any other question, how

strong are direct detection bounds?

LUX: PRL 112.091303

WIMP-nucleon cross section (cm2)
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BARYON FLAVOR SYMMETRY

% Flavor Non-symmetric
Example: (3-color neutron ala QCD)

Qu:Q
00 .
a Qu#@d

Y Flavor Symmetric

Example: (4-color neutron)

Q a Qu _Qd
6 ° only



@U'UJV@DF,LW

Odd Nc

No baryon flavor sym.

Odd Nc
Baryon flavor sym.

Even Nc

No Baryon flavor sym.

Even Nc
Baryon flavor sym.

Dim-5

Magnetic
Moment

o

Dim-6

@W%@FW

Charge
Radius

o

o

Dim-/
() Fp M

Polarizability

o
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Focus OF PREVIOUS WORK

¢ Direct detection exclusions for odd number of colors

Explore:

* 3-colors
¢* Multiple degenerate masses
¢* 2 and 6 light flavors

Explores a range of confining theories for odd Nc theory



EXCLUSION PLOTS
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EXCLUSION PLOTS
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FOCUS OF RECENT WORK

Al

s¢ Direct detection exclusions for even number of colors

Explore:

% 4-colors
¢* Multiple degenerate masses (quenched)

*¢® Baryon spectra and sigma term

Allows for cross-section bounds from Higgs exchange



4-COLOR BARYONS

N

¢ Bosonic baryons

One Flavor: U

Spin-2: « 0.5, — (@ Cyi) eyl it

Two Haveors: U D

Spin-2:  Opf’ = (UTCYU)UTCYU) i #

Spin-1:  Op's” = (UTCY'U)(UTCH*D)

Spin-0:  Opf,” = (U'Cy’D)(U" Cy°D)




HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

,U(mBa mn)2

O'()(B,n) — 7TA2

(ZM, F (A NS

M, = L% Z B|ff|B) Y _{aldg|a)
q



¢ Higgs-nucleon cross-section:

2
g0 (Ba n) = lu(mB, mn)

Per / WAQ

Nucleon

(ZM, F(A=—Z A

M, = ZLEN(BIFFIB) S (alggla)

th - :




HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

>
g0 (Bv n) = M(mB’ mn)

Per / T‘-AQ

Nucleon

(ZM, F (A NS

M= ;> _(BIF{I1B)_{alagla)
‘~q‘~

Dark SM



HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

M(vamn)Q
Per /'UO(B7 e T A2 (ZMp + (A~ Z)M”)Z
Nucleon
M= Z BIff1B)> (alggla)
q
‘~‘~
Dark SM
SM:

Light Quarks: <n|mqu‘n> — mnfq(n)

: 2 ¢
Heavy Quarks: <n‘mqqq|n> Emn (1_ Z fé )>

Q=TS



HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

:u(va mn)2
B —
Per /OO( | n) T‘-AQ

Nucleon

(ZM, £ (A= F1NE

M= ;> _(BIF{I1B)_{alagla)
‘~q‘~

Dark SM

el Lattice
Light Quarks: <n|chjq\n> — mnfénz// QCD

: 2 ¢
Heavy Quarks: <n‘mqqq|n> Emn (1_ Z fé )>

q:u7d78



HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

:u(va mn)2
B —
Per /OO( | n) 7-‘-A2

Nucleon

(ZMP & (A i Z)M’n)z

M= ;> _(BIF{I1B)_{alagla)
‘~q‘~

Dark SM

(Feynman-Hellmann)
(Blmygff|B)  my Omp

e e



HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

M(vamn)Q 2
: /UO(B,n) ==L (ZM, F (A SO
Nucleon
M, = Y12 Z B|ff|1B) ) {algqla)
q
‘~‘~
Dark SM

D ar k _(Feynman- Hellmann)
i o Omy(h) B (BlmsffIB) _ my Omp
\/§ e 8h s i mpg mpg ﬁmf

— e/

BSM mass couplings
(Perturbative)



HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

-

:u(va mn)2
B —
Per /OO( | n) T‘-AQ

Nucleon

(ZMP & (A i Z)M’n)z

Ma =503 3 (BIFFIB) S aldala)

f‘~q‘~
‘- Dark SM
e (Feynman-Hellmann)
Ly = 8mf(h) fB - <B|mfff\B> . m ¢ 8mB
V2 f Qe ! mp mp Om
BSM mass couplings Strong Dynamics
(Perturbative) (Non-perturbative)

Robust lattice results



HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

,u(va mn)2
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HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

:u(va mn)2 2
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HIGGS EXCHANGE

¢ Higgs-nucleon cross-section:

:u(va mn)2 2
3 /O'()(B, n) e 7TA2 (Z./\/lp e (A = Z)./\/ln)
Nucleon 2
dopnYB Lattice
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CALCULATION DETAILS

N¢ B K N? x Nt | # Meas.
28 h C| E bl - 4. T 11028 051554 W SR A878
quenc e nsempoblies. 323 x 64 1126
RE5625" ) Tt aay 4765
- Two # colors 325 x 64 | 1146
- 483 x 96 1091
- Four lattice volumes 0.1572 | 32° x64 | 1075
: - 11.5 0.1515 163 x 32 2975
- Three lattice spacings 325 x 64 | 1057
0.1520 163 x 32 2872
. 323 x 64 1052
323 x 64 914
483 x 96 637
643 x 128 489
0.1524 163 x 32 2970
323 x 64 863
0.1527 323 x 64 1011
12.0 0.1475 323 x 64 1125
0.1480 323 x 64 1189
0.1486 323 x 64 1055
0.1491 162:x 32 411
0.1491 323 x 64 1050
0.1491 483 x 96 1150
0.1491 | 643 x 128 928
0.1495 323 x 64 1043
0.1496 323 x 64 1009
3 | 6.0175 | 0.1537 323 x 64 1000
0.1547 323 x 64 1000

Table 1: Ensembles and number of measurements



1.

CALCULATION DETAILS

28 quenched Ensembles:

- Two # colors
- Four lattice volumes

- Three lattice spacings
- 3-6 fermion masses
Summary of Lattice Details:

Volume systematic within
statistical errors

N I} K Ng’ X N # Meas.
4. 115028 [ 04554 W SR 4878
323 x 64 1126
0.15625 | 46>%x-32 4765
323 x 64 1146
483 x 96 1091
0.1572 323 x 64 1075
11.5 0.1515 163 x 32 2975
323 x 64 1057
0.1520 163 x 32 2872
323 x 64 1052
0.1523 163 X-32 2976
323 x 64 914
483 x 96 637
643 x 128 489
0.1524 163 x 32 2970
323 x 64 863
0.1527 323 x 64 1011
12.0 0.1475 323 x 64 1125
0.1480 323 x 64 1189
0.1486 323 x 64 1055
0.1491 162:x 32 411
0.1491 323 x 64 1050
0.1491 483 x 96 1150
0.1491 | 643 x 128 928
0.1495 323 x 64 1043
0.1496 323 x 64 1009
3 | 6.0175 | 0.1537 323 x 64 1000
0.1547 323 x 64 1000

Table 1: Ensembles and number of measurements
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2.

CALCULATION

28 quenched Ensembles:

- Two # colors
- Four lattice volumes

- Three lattice spacings
- 3-6 fermion masses
Summary of Lattice Details:

Volume systematic within
statistical errors

Discretization systematic
within statistical errors

DETAILS

N I} K Ng’ X N # Meas.
4. 115028 [ 04554 W SR 4878
323 x 64 1126
0.15625 | 46>%x-32 4765
323 x 64 1146
483 x 96 1091
0.1572 323 x 64 1075
11.5 0.1515 163 x 32 2975
323 x 64 1057
0.1520 163 x 32 2872
323 x 64 1052
0.1523 163 X-32 2976
323 x 64 914
483 x 96 637
643 x 128 489
0.1524 163 x 32 2970
323 x 64 863
0.1527 323 x 64 1011
12.0 0.1475 323 x 64 1125
0.1480 323 x 64 1189
0.1486 323 x 64 1055
0.1491 162:x 32 411
0.1491 323 x 64 1050
0.1491 483 x 96 1150
0.1491 | 643 x 128 928
0.1495 323 x 64 1043
0.1496 323 x 64 1009
3 | 6.0175 | 0.1537 323 x 64 1000
0.1547 323 x 64 1000

Table 1: Ensembles and number of measurements




CALCULATION

28 quenched Ensembles:

- Two # colors
- Four lattice volumes

- Three lattice spacings
- 3-6 fermion masses
Summary of Lattice Details:

1. Volume systematic within
statistical errors

2. Discretization systematic
within statistical errors

3. Three points to extract slope
(more would be preferred)

DETAILS

N I} K Ng’ X N # Meas.
4. 115028 [ 04554 W SR 4878
323 x 64 1126
0.15625 | 46>%x-32 4765
323 x 64 1146
483 x 96 1091
0.1572 323 x 64 1075
11.5 0.1515 163 x 32 2975
323 x 64 1057
0.1520 163 x 32 2872
323 x 64 1052
0.1523 163 X-32 2976
323 x 64 914
483 x 96 637
643 x 128 489
0.1524 163 x 32 2970
323 x 64 863
0.1527 323 x 64 1011
12.0 0.1475 323 x 64 1125
0.1480 323 x 64 1189
0.1486 323 x 64 1055
0.1491 162:x 32 411
0.1491 323 x 64 1050
0.1491 483 x 96 1150
0.1491 | 643 x 128 928
0.1495 323 x 64 1043
0.1496 323 x 64 1009
3 | 6.0175 | 0.1537 323 x 64 1000
0.1547 323 x 64 1000

Table 1: Ensembles and number of measurements
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LARGE N COMPARISONS

o Solid - 4 colors
- o Dashed - 3 colors
1.0 —a— © -— N
7 —— < i
0.8 :
CEU | i ::::::::: BlaCk - Spln 2
0.6 - Blue - Spin 1
’ Brown - Spin 0
, ot e Green - Spin 3/2
0.4 B 1 Purple - Spin 1/2
| — vt — | Orange - Vector
02 . 7 Red- Pseudoscalar
' 0.68 0.70 0.72 0.74 0.76 0.78 0.80
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LARGE N COMPARISONS

o Solid - 4 colors
7 — o Dashed - 3 colors
1.0- —a— © : N
| —e— o i
===
0.8 :
CEU | i ::::::::: BlaCk - Spin 2
0.6 .- Blue - Spin 1
’ Brown - Spin 0
: ot e Green - Spin 3/2
0.4 B 1 Purple - Spin 1/2
I ——i ———m———
Orange - Vector
—Crg =
0.2 Red- Pseudoscalar
' 0.68 0.70 0.72 0.74 0.76 0.78 0.80

Key Observation

from DeGrand (2013)




SCALE SETTING

How do we define lattice spacing in physical units?

Lattice QCD: Hadron Masses, HQ potentials, etc.

= 7"
1670 MeV

(Example)  alVlg = 7 a

Technicolor: “Higgs” vev

Dark Matter: Dark Matter Mass

=
T % 5

oo

3 3

3%

20 30 40 50 100 200 300 400
WIMP Mass [GeV/c’]



SCALE SETTING

How do we define lattice spacing in physical units?

Lattice QCD: Hadron Masses, HQ potentials, etc.

= 7"
1670 MeV

(Example)  alVlg = 7 a

Technicolor: “Higgs” vev

Dark Matter: Dark Matter Mass

=
T % 5

oo

3 3

3%

/ | L P | . U, |
20 30 40 50 200 300 400

VCI I')’ i.h is Vd I U e i wnw;MassK]}ogwcz]




SIGMA TERM & HIGGS BOUND
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P
[

vector-like masses

3¢ Four Dirac Flavors with

Mass Matrix (custodial symmetric):

Las = (B435) (

M—-A yv/v2
yv/vV2 M+ A

)(

VA
u

B

Field SU(N)p | (SU(2), Y) Q
Sy o +1/2
(2} = | = |0
el i +1/2
F2<F2d> N (2,0) <1/2>
Fg N (1,+1/2) +1/2
Y N (1,—1/2) ~1/2
Fy N G =12 +1/2
I N (1,-1/2) ~1/2
) +asan (M5 W) (U
Sl TS %




o : : Field SUN)p | (SU@)L, V) 0
#Four Dirac Flavors with ~ —— ( F1> « = <+ : /2>
vector-like masses o il
F2_<F2> < o <+1/2>

Fy | )
Fg N (1,41/2) +1/2
Fy N (BT 152
Fy N (1,+1/2) +1/2
1 N (1,-1/2) =

Mass Matrix (custodial symmetric):
SR T ) M=\ yv/\/§ wu e T Sl yv/\/§ y
EM_WWB)(yv/ﬁ M+A) ( §> 0 %)<yv/ﬁ M+A) ( §>

m :Mi\/2y2v2+4A2 811129:1 1 — =
5 2 \/2y2U2—|—4A2




o : : Field SUN)p | (SU@)L, V) 0
#Four Dirac Flavors with ~ —— ( F1> « = <+ : /2>
vector-like masses o il
F2_<F2> < o <+1/2>

Fy | )
Fg N (1,41/2) +1/2
Fy N (BT 152
Fy N (1,+1/2) +1/2
1 N (1,-1/2) =

Mass Matrix (custodial symmetric):
SR T ) M=\ yv/\/§ wu e T Sl yv/\/§ y
EM_WWB)(yv/ﬁ M+A) ( §> 0 %)<yv/ﬁ M+A) ( §>

m :Mi\/2y2v2+4A2 811129:1 1 — =
= 2 \/2y2U2—|—4A2




o : : Field SUN)p | (SU@)L, V) 0
#Four Dirac Flavors with ~ —— ( F1> « = <+ : /2>
vector-like masses o il
F2_<F2> < o <+1/2>

Fy | )
Fg N (1,41/2) +1/2
Fy N (BT 152
Fy N (1,+1/2) +1/2
1 N (1,-1/2) =

Mass Matrix (custodial symmetric):

o= F398) ( orz woa) () v @19 (s diva)(2)

e 2N

my = GviEale \/2y2?}2 EI 4A2 S11 6 == 5 1 — \/2y2U2 g 4A2

o~ e M0 0—0A Linear
. Yyv M
o= 2cosfsin = ( )
m_ YU .
~ N NG ) uadratic
e > A > 2yv Q



CROSS SECTION SUMMARY

s Back to cross section:

9
oo(B,n) = p(mg, ) (ZM, FA=ZIM
A2
gp,ngB
AV iy =
p m%
W (B)
0 — ( - )Cvf
(B) o T = amB
b mpg Om._ 04:2008981119ﬂ

T _—



CROSS SECTION SUMMARY

s Back to cross section:

2
mpg, My
oo(B,n) = al :AQ ) (ZM, + (A — Z)M,,)?
= dp,n9B
My = 205

Extract from

/ Lattice
f(B) <« T — amB
mp Om._

o — 2(:08«981119ﬂ
m._



CROSS SECTION SUMMARY

s Back to cross section:

:u(mBa mn)2

O'O(B,n): I (ZMp+(A—Z)Mn)2
gp,ngB
L —
p m%
9B = (@) af(P)
(V)

Extract from N . | |
/ e oo Varies with scale setting
(B) s T = ﬁmB

A g .o 0422(:081981119ﬂ
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5¢ Back to cross section:

:u(mB7 mn)2

O'O(B,n): I (ZMp+(A_Z)Mn)2
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VERY PRELIMINARY

POLARIZABILITY TEASER
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Spin-independent cross Section (cm?/nucleon)
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BARYON MASS DERIVATIVE
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VEC. MASS SUPPRESSION?
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VEC. MASS SUPPRESSION?

5¢ Mass Matrix:
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VEC. MASS SUPPRESSION?
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EFFECTIVE MASS EXAMPLE
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¢ Assume a Dirac particle with net Z-boson charge

2 N2 N2

N2
38 2

|

Current spin-independent bounds: o S 10z 22 eni

Excludes particles of this kind to
masses greater than thousands of TeV

Neutralinos avoid this: Majorana Spin-Dependent

This will plague composites with odd numbers of EW doublets!



However:

Asymmetric relic density
suggests negligible thermal abundance

Small I—arge Stron
Thermal Annihilation Cou “r? S
Abundance rate P

Tricky to achieve for perturbative, elementary DM

Strongly-coupled composite theories most
interesting...

-tNIS IS where the lattice can play significant role!
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2¢ Four Dirac Flavors with
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PARTICULAR MODEL

. : Field SU(N)p | (SU@)L, V) Q
¢ Four Dirac Flavors with <F1> g . <+1/2>
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